The mechanisms underlying neuronal death following excessive activity such as occurs during prolonged seizures are unclear, but mitochondrial dysfunction has been hypothesised to play a role. Here, we tested this with fluorescence imaging techniques in rat glioneuronal neocortical co-cultures using low Mg 2+ levels to induce seizure-like activity. Glutamate activation of NMDA receptors resulted in Ca 2+ oscillations in neurons and a sustained depolarisation of the mitochondrial membrane potential, which was cyclosporine A sensitive, indicating mitochondrial permeability and transition pore opening. It was also dependent on glutamate release and NMDA receptor activation, because depolarisation was not observed after depleting vesicular glutamate with vacuolar-type H + -ATPase concanamycin A or blocking NMDA receptors with APV. Neuronal ATP levels in soma and dendrites decreased significantly during prolonged seizures and correlated with the frequency of the oscillatory Ca 2+ signal, indicative of activity-dependent ATP consumption. Blocking mitochondrial complex I, complex V or uncoupling mitochondrial oxidative phosphorylation under low-Mg 2+ conditions accelerated activity-dependent neuronal ATP consumption. Neuronal death increased after two and 24 hours of low Mg 2+ levels compared with control treatment, and was reduced by supplementation with the mitochondrial complex I substrate pyruvate. These findings demonstrate a crucial role for mitochondrial dysfunction in seizure-activity-induced neuronal death, and that strategies aimed at redressing this are neuroprotective.
Introduction
Cell death in seizures has been observed in in vitro and in vivo models of epilepsy and is the hallmark of hippocampal sclerosis, the commonest pathology associated with epilepsy (Deshpande et al., 2008; Swanson, 1995) . This neuronal death is critically dependent upon excessive neuronal activity, as seen in status epilepticus (Pitkänen et al., 2002) . Such activity induces large ionic shifts with consequent demands for energy substrates to maintain transmembrane ion homeostasis. Biochemical studies of brain homogenates have revealed decreased ATP concentrations after repeated seizures and seizure-induced energy failure has long been suggested as a reason for clinical sequelae in prolonged seizures (Wasterlain et al., 1993) . However, the mechanisms that result in a failure of neurons to compensate during this period of increased energy demand are unclear. ATP production is closely linked to the mitochondrial membrane potential (Dy m ) because the electrochemical proton gradient across the inner mitochondrial membrane is a prerequisite for ATP synthesis (Mitchell and Moyle, 1965) . Mitochondrial membrane potential depolarisation reduces the mitochondrial functional capacity for producing ATP and Ca 2+ buffering, and thus leads to mitochondrial dysfunction in various CNS pathologies (Abramov and Duchen, 2010; Damiano et al., 2010; Distelmaier et al., 2009) . But are these changes sufficient to explain the failure of ATP production and the subsequent neuronal death? Studies in which supplementation of animals with mitochondrial substrates reduces neuronal death point to a process of energy and mitochondrial failure as mechanisms underlying seizure-induced neuronal death; however, more direct evidence to support this hypothesis is lacking Yi et al., 2007) . Moreover, there is growing evidence of an important role for astrocytes in generating and maintaining seizure activity (Gómez-Gonzalo et al., 2010) , yet the relative roles of seizure activity on astrocytic and neuronal mitochondrial membrane potential and ATP levels are unknown.
The low-Mg 2+ culture model of epilepsy has provided a powerful tool to investigate the influence of prolonged seizure activity (Deshpande et al., 2008) . Importantly, using this model, we can establish the contribution of pure neuronal activity on ATP depletion without confounding it with effects of cerebral blood flow changes and systemic metabolic changes as seen in in vivo models of convulsive seizures. Estimating the contribution of epileptiform neuronal activity on ATP depletion is important because status epilepticus might present without positive motor symptoms as in non-convulsive status epilepticus. Conceptually, the low-Mg 2+ model of epilepsy greatly differs from studies on models of direct pharmacological activation of glutamate receptors, insofar as it does not rely on excessive activation by drugs. Moreover, reduced divalent cations and Mg 2+ have been found during excessive neuronal firing, which is the hallmark of epilepsy, and are well known electrolyte imbalances that lead to seizures in human (Rusakov and Fine, 2003; Castilla-Guerra et al., 2006) .
Using this model, we show here that seizure-induced, NMDA receptor-dependent neuronal Ca 2+ oscillations correlate with mitochondrial membrane depolarisation and a decrease in ATP levels, leading to cell death. This is the first time that a link between mitochondrial membrane potential depolarisation, ATP depletion and cell death has been shown as a result continuous seizure activity. Moreover, pharmacologically impairing mitochondrial function accelerated ATP consumption, whereas rescuing mitochondrial function by providing the mitochondria substrate pyruvate prevented neuronal death. We thus provide compelling evidence of Ca 2+ -induced mitochondrial dysfunction as a substrate for seizure-induced neuronal death and suggest that targeting this can be neuroprotective.
Results

Ca
2+ changes during epileptiform activity
The omission of Mg 2+ from the solution induced a synchronised Ca 2+ signal in the neuronal culture (Fig. 1A, n5182 (Ascher et al., 1988) . We found that D-2-amino-5-phosphonovaleric acid (APV; 25 mM) both prevented the occurrence of discharges (n516) and blocked established discharges (n530, Fig. 1D 
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in astrocytes, using Fura-2 ratio fluorescence, were small in amplitude (Fig. 1E ). To confirm that periodic synchronous Ca 2+ oscillations were not a peculiarity of this model, we tested whether these could be elicited using another in vitro epilepsy model. The well-established convulsant 4-aminopyridine (4-AP) also induced synchronous Ca 2+ spikes; these were, however, smaller in amplitude and less frequent (Fig. 1F) . Because large Ca 2+ influxes can affect mitochondrial function, we next asked whether the mitochondrial membrane potential, measured with the fluorescent indicator Rhodamine123, was altered by these Ca 2+ oscillations.
Mitochondrial membrane potential changes
In artificial cerebrospinal fluid (aCSF), small intracellular Ca 2+ changes did not evoke mitochondrial membrane potential changes. We found that removal of Mg 2+ induced changes in mitochondrial membrane potential (Dy m ). Mitochondrial membrane potential changes were observed both in the soma and dendrites of the neurons with dendrites showing transient ( Fig. 2A,B ) and somata sustained mitochondrial membrane depolarisations (Fig. 2C,D , as measured by Fura-2 ratio, to the mitochondrial membrane potential, measured with Rhodamine123. We found a significant inverse correlation of the mitochondrial membrane potential at the 5, 10, 15 and 20 minute time points with the delay in onset of Ca 2+ spikes (n5182; Pearson correlation coefficient, 0.264, P,0.05, P,0.05, P,0.01 and P,0.05 for each of the respective time points), suggesting that mitochondrial membrane potential depolarisation is linked to the onset of continuous spiking activity. To focus further on neurons that showed prominent mitochondrial membrane potential changes and thus are more likely to be exposed to high levels of Ca 2+ , we classified mitochondrial membrane potential change as significant when the fluorescence increase was at least 10% of that elicited by FCCP. With this cut-off, ,50% of the neurons exhibited a change of the mitochondrial membrane potential. Analysis of the time course of the Dy m in those neurons revealed that the depolarisation increased significantly within 20 minutes of exposure to the low-Mg 2+ medium (one-way ANOVA, P,0.001; Fig. 3A,B) . Post-hoc analysis revealed a significant increase of the mitochondrial membrane potential between 5 minutes and 15 minutes (P,0.05) and 5 minutes and 20 minutes (P,0.001, Tukey's post-hoc test; Fig. 3B ).
We found that the depolarisation of the neuronal Dy m was accompanied by a hyperpolarisation of the astrocytic Dy m following the onset of Ca 2+ spiking (Fig. 3C,D) . Applying the same criteria of a 10% alteration in fluorescence as a significant hyperpolarisation, we observed a significant hyperpolarisation of astrocytes throughout the 20 minute time window (Fig. 3C,D) .
Considering that in previous studies prolonged glutamate exposure induces MPTP opening (Abramov and Duchen, 2008) , we tested whether the MPTP blocker cyclosporin A (CsA, 1 mM) affected mitochondrial membrane potential during low-Mg 2+ exposure. Surprisingly, CsA abolished the early depolarisation in our experiments. The neuronal mitochondrial membrane potential after 5, 10 and 15 minutes of treatment with low-Mg 2+ solution did not differ from baseline treatment (set as 0, normalised) (P.0.05). However, 20 minutes after the low-Mg 2+ treatment, neuronal mitochondrial depolarisation reached significance (P,0.01) when compared with the baseline, suggesting that there is still mitochondrial membrane potential depolarisation that is not linked to MPTP opening (Fig. 3E ). It should be noted that this mitochondrial membrane potential depolarisation was not observed in experiments where the Ca 2+ influx was blocked with APV (25 mM) and Ca 2+ -free (+EGTA 0.5 mM) low-Mg 2+ solution. Mitochondrial membrane potential depolarisation was also abolished after incubation with concanamycin A (5 mM, 2 hours), suggesting that depolarisation was dependent on Ca 2+ influx through glutamate-induced NMDA receptor activation (n5111).
ATP levels during low-Mg 2+ -induced activity
The prominent Dy m depolarisation, suggests that Mg 2+ -free medium induces an energy collapse in some cells, leading to Ca 2+ -induced depolarisation of the mitochondrial membrane potential. To investigate the energetic status of neurons during low-Mg 2+ treatment, we used the low-affinity Mg 2+ indicator MAG-Fura for indirect measurements of ATP levels of cells (Abramov and Duchen, 2010) . Considering that Ca 2+ changes were not observed in experiments performed with the lowaffinity Ca 2+ indicator Fura-FF, we suggest that changes in MAG-Fura fluorescence are not related to Ca 2+ changes. The vast majority of ATP is bound to intracellular Mg 2+ (Corkey et al., 1986) (Fig. 4A ). In addition, we observed a continuous increase in Mg 2+ concentration in neurons (Fig. 4B) , which was not observed in astrocytes (Fig. 4C) . Analysis of the normalised MAG-Fura ratio in neurons showed that there was a continuous significant increase in Mg 2+ , reflecting continuous ATP decreases at 10, 20, 30 and 40 minutes when compared with the baseline (one-way ANOVA, P,0.001; Fig. 4D ).
We hypothesised that energy deprivation as reflected by rises in Mg 2+ are linked to the frequency of Ca 2+ rises. Simultaneous recording of Ca 2+ (Fluo-4) and Mg 2+ (Mag-Fura) allowed correlations of these parameters. The frequency of the Ca 2+ rises correlated significantly with the MAG-Fura ratio at 30 minutes (r50.513; P,0.01) suggesting that energy deprivation is linked to the oscillatory Ca 2+ signal (Fig. 4E ). Given that Ca 2+ changes, Dy m depolarisation and ATP decreases occur sequentially, we hypothesised that they were inter-related. Therefore we asked whether we could induce rapid energy deprivation by pretreating cells with mitochondrial oxidative phosphorylation uncoupler FCCP (0.5 mM), complex I inhibitor rotenone or complex V inhibitor oligomycin. We found that pretreatment of neurons with FCCP (n577; 0.5 mM) before replacement with a low-Mg 2+ solution leads to massive ATP depletion. This energetic collapse was induced by the first Ca 2+ oscillations, suggesting an activity-dependent mechanism (Fig. 5A ). Astrocytes showed a Ca 2+ peak when pretreated with FCCP in aCSF. In contrast to neurons, astrocytes (n521) lacked the low-Mg 2+ -induced Ca 2+ changes and showed only moderate increases in Mg 2+ (Fig. 5B) . To strengthen the hypothesis that neuronal mitochondrial membrane potential depolarisation, PTP opening and ATP decreases are interrelated we pretreated cells with FCCP (0.5 mM) and CsA (1 mM). CsA pretreatment delayed the FCCP-induced ATP depletion under low-Mg 2+ conditions (P,0.001) and reduced the maximal cytosolic Ca 2+ signal when compared with that in cells pretreated with FCCP alone (n538; P,0.001, Fig. 5C,D) . FCCP produced complete Dy m depolarisation, which can block mitochondrial Ca 2+ uptake and change cytosolic Ca 2+ signal. To avoid misinterpretation of the results, we used oligomycin, which inhibits ATP production but does not decrease Dy m , or an inhibitor of mitochondrial respiration rotenone. Rapid ATP depletion was induced by both complex I inhibition with rotenone (1 mM; n536) and complex V (ATP synthetase) inhibition with oligomycin (0.2 mg/ml; n522; Fig. 7A-C) . It should be noted that in some experiments, application of rotenone inhibited Ca 2+ oscillations. To verify that the changes in ATP observed were definitely due to ATP decreases, we measured ATP levels inside neurons and astrocytes using a genetically encoded fluorescent ATP indicator (AT1.03 or mitAT1.03) in a subset of cells (generously provided by Hiromi Imamura (The Hakubi Center & Graduate School of Biostudies, Kyoto University) (Imamura et al., 2009) . Moreover, in these experiments, we aimed to investigate whether there were differences in ATP levels and changes in the soma when compared with the dendrites. ATP decreases were observed in neurons after low-Mg 2+ exposure with both AT1.03 and mitAT1.03 fluorescent indicators (n56; Fig. 6A-C) . Baseline levels of ATP differed depending on the region of interest, with higher ATP levels in the soma when compared with the dendrites of neurons (Fig. 6B) . However, the time course of ATP depletion did not differ between the two regions. When compared with neurons, astrocytes showed no decrease or only very small decreases in ATP levels during epileptiform activity (n55; Fig.  6D ,E,H). Pretreatment with rotenone (5 mM) and oligomycin (0.2 mg/ml) had no impact on astrocytic ATP levels during epileptiform activity, whereas inhibition of glycolysis with IAA (100 mM) induced rapid ATP depletion during low-Mg 2+ conditions (n54; Fig. 6E ). Mitochondrial uncoupling with FCCP (0.5 mM) accelerated ATP depletion in both neurons (n54) and astrocytes (n55), suggesting a high impact of glycolysis in astrocytes (Fig. 6F,G) .
Cell-death analysis
We further hypothesised that ATP depletion in conditions of low Mg 2+ can induce cell death after a long exposure. There was no significant difference in the neuronal death 10 minutes after treatment with either aCSF (n515; 14.762.4%) or low Mg 2+ (n515; 17.262.8%; P.0.05). However, there was a significant difference in neuronal death after 2 hours between the two treatment groups. Cultures exposed to low-Mg 2+ medium showed a higher percentage of dead neurons (n515; 27.662.8%) when compared with cultures treated with aCSF (n59; 11.961.8%; P,0.001). In addition, low-Mg 2+ -induced neuronal cell death could be significantly reduced by adding complex I substrate pyruvate (5mM; 18.761.4%; n515; P,0.05; Fig. 7C ).
Neuronal death increased significantly when comparing 24 hours to 2 hours of low-Mg 2+ exposure (42.263.3% vs 27.662.8%; P,0.01). Adding pyruvate to the low-Mg 2+ medium significantly decreased neuronal death when compared with low-Mg 2+ treatment alone (n515; 27.761.2%; P,0.001; Fig. 7D ).
Discussion
Using live-cell imaging, we have established a sequence of events during seizure-like activity leading to neuronal cell death in the low-Mg 2+ seizure model. We have shown that neuronal Ca 2+ signals in the low-Mg 2+ model are dependent on synaptic release of glutamate acting at NMDA receptors. This Ca 2+ signal leads to mitochondrial membrane potential depolarisation in the somata of neurons. To our knowledge, this study, for the first time, correlates Ca 2+ signals with both mitochondrial membrane potential changes and kinetic alterations in ATP in neurons, providing strong support for the hypothesis that mitochondrial dysfunction leads to energy failure and cell death in seizures and epilepsy. (Huss et al., 2002) . Ictal, but not interictal, discharges in rat brain slices have been associated with Ca 2+ changes in astrocytes (Gómez-Gonzalo et al., 2010) , and therefore such a finding in our model lends support to this as a model of ictal rather than interictal events. We also observed similar (although lower amplitude) neuronal Ca 2+ oscillations in another commonly used in vitro model (the 4-AP model) indicating that the observed Ca 2+ changes are not a peculiarity of this model.
There is a close interplay between Ca 2+ buffering at the inner mitochondrial membrane and mitochondrial depolarisation, because the Ca 2+ electrochemical gradient favours Ca 2+ uptake at high membrane potential (Brand, 1985; Baysal et al., 1994) . Mitochondrial depolarisation has been linked to intracellular rises in Ca 2+ during evoked synaptic activity (Bindokas et al., 1998) . Low-Mg 2+ -induced mitochondrial membrane depolarisations in soma and dendrites have been observed as transient phenomena time-locked to seizure-like events in hippocampal slice cultures (Kovács et al., 2005) . However, we found that this depolarisation was sustained, and correlated with the onset of Ca 2+ spiking, indicating a progressive decrease in the mitochondrial functional Ca 2+ -buffering reserve. The fluctuations that were seen in dendrites are non-CsA dependent and are probably linked to the reversible Ca 2+ fluctuations in dendrites. In our experiments, the cells demonstrated CsA-dependent mitochondrial depolarisation in the soma, suggesting mitochondrial permeability transition pore opening and induction of mechanisms leading to cell death (Abramov et al., 2004; Abramov and Duchen, 2008; Kovács et al., 2005) .
Astrocytes are increasingly recognised as playing a pivotal role in seizures and epilepsy (Gómez-Gonzalo et al., 2010) . In contrast to neurons, for the first time we found that astrocytes showed significant mitochondrial membrane potential hyperpolarisation in the low-Mg 2+ culture model of epilepsy. Mitochondrial membrane potential changes in astrocytes can be explained by the modest Ca 2+ signal which has been previously shown to enhance mitochondrial respiration and consequently lead to mitochondrial membrane potential hyperpolarisation (Nicholls and Budd, 2000) .
We have provided evidence of a direct link of NMDA receptor Ca 2+ spikes and mitochondrial dysfunction because inhibiting NMDA receptors or glutamate release prevented mitochondrial membrane potential depolarisation. High concentrations of glutamate and consequent binding to NMDA receptors dissipate Dy m and are sensitive to CsA (White and Reynolds, 1996) , an inhibitor of MPTP opening (Zoratti and Szabò, 1995) . Concordant with these findings, we found no depolarisation of mitochondrial membrane potential despite Ca 2+ signals in CsAand low-Mg 2+ -treated neuronal cultures. These data provide evidence that MPTP is involved in the mitochondrial depolarisation. Our findings contrast with a previous report that found an MPTP-independent mitochondrial membrane potential depolarisation in low Mg 2+ induced activity in hippocampal slice cultures (Kovács et al., 2005) .
Real-time imaging of changes in ATP can be performed by measuring alterations in intracellular Mg 2+ . Free [Mg 2+ ] c increases during ATP depletion through hydrolysis of MgATP (Abramov and Duchen, 2010) . Increases in the MAG-Fura ratio therefore reflect intracellular ATP depletion. Seizure-induced ATP depletion has been found by analysing brain homogenates in several seizure models in vivo (Duffy et al., 1975; Gupta et al., 2000; Chapman et al., 1977; Folbergrová et al., 1981) . The The percentage of dead neurons is higher in cultures exposed to low Mg 2+ when compared with exposure to aCSF for 2 hours (D) or 24 hours (E). Substitution of with pyruvate significantly decreased the number of dead neurons in low-Mg 2+ conditions in both the 2 and 24 hour treatment groups. Results show mean 6 s.e.m. *P,0.05; **P,0.01; ***P,0.001. amount of reduction of ATP varies in these reports, with values of 2-5% below baseline (Folbergrová et al., 1981; Chapman et al., 1977) . MAG-Fura ratios in neurons showed a stepwise increase in intracellular Mg 2+ , indicating a reduction in ATP, after omission of Mg 2+ from the solution (Fig. 4A ). This immediate transient initial increase in Mg 2+ has been observed previously in glutamate-induced increases in intracellular free Mg 2+ . It has been attributed to Ca 2+ binding to intracellular sites that are usually occupied by Mg 2+ . However, long-lasting increases in Mg 2+ have not been observed (Brocard et al., 1993) . We found that prolonged seizures lead to a depletion of ATP in neurons, but not in astrocytes, and this depletion correlated with the frequency of the oscillatory Ca 2+ signal (Fig. 4) . To provide more direct evidence of the involvement of mitochondria in this process, we incubated the cultures with FCCP. FCCP reduces mitochondrial membrane potential and therefore inhibits both Ca 2+ uptake and ATP synthesis, and might even enhance consumption of ATP itself (Atlante et al., 2005) . We found that neurons exposed to FCCP in low Mg 2+ and in epileptiform, but not in nonepileptiform conditions, experience an energy collapse. This excessive energy depletion coincides with the first Ca 2+ signals, suggesting that additional Ca 2+ buffering by mitochondria further depolarises the mitochondrial membrane potential. Therefore, our findings for the first time demonstrate a tight link between ATP consumption and the time course of mitochondrial Ca 2+ -buffering capacity exhaustion during epileptiform activity. The 'sensitising' effect of FCCP on ATP depletion can be explained by the voltage dependence of the PTP because rapid ATP depletion was delayed when inhibiting neuronal mitochondrial membrane potential depolarisation with CsA (Bernardi, 1992; Petronilli et al., 1994) . Our findings strengthen the hypothesis that MPTP opening is involved in the events finally leading to neuronal ATP depletion and cell death: a finding that is also supported by in vivo models of epilepsy (Santos and Schauwecker, 2003) . However, depolarisation of the mitochondrial membrane alone cannot explain the rapid ATP depletion because ATP depletion was also accelerated when inhibiting complex I with rotenone or ATP-synthetase with oligomycin. Oligomycin hyperpolarises the mitochondrial membrane, and therefore rapid ATP depletion in neurons pretreated with oligomycin can be attributed to ATP synthetase inhibition alone. In line with our findings, excessive ATP depletion in neurons has been shown in glutamate toxicity where pretreatment with FCCP leads to cell collapse (Abramov and Duchen, 2010) . To confirm ATP depletion with more direct measurements and to investigate ATP changes in different cellular compartments, we conducted experiments with a genetically encoded ATP probe. Our findings provide evidence of ATP depletion in neurons during epileptiform activity as measured with the genetically encoded ATP probe. Compared with neurons that lack the glycolysis-promoting enzyme 6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase, isoform 3 (PFKFB3), astrocytes exhibit a high functional reserve of this enzyme (Bolaños et al., 2010) . Our data shows that ATP depletion in astrocytes during epileptiform activity can be accelerated by inhibition of glycolysis, indicating upregulation of PFKFB3.
Low-Mg
2+
-induced cell death was described previously in hippocampal neuronal cultures (Deshpande et al., 2008) . Furthermore, pyruvate substitution protects against kainateinduced epileptic brain damage in rats (Kim et al., 2010) . There is evidence that in chronic epileptic tissue the monocarboxylate transporter 1, which facilitates the transport of pyruvate and other metabolic substrates across the blood-brain barrier, is deficient (Lauritzen et al., 2011) . In bicuculline-induced seizures in vivo, pyruvate decreased initially and then increased, possibly pointing to a secondary compensatory mechanism (Chapman et al., 1977) . We found that substitution of pyruvate protected neurons against low-Mg 2+ -induced cell damage. Our observations whereby synaptically released glutamate mediates Ca 2+ oscillations, mitochondrial depolarisation, and energy failure and cell death, indicate a number of steps at which interventions could be aimed to prevent neuronal death in prolonged seizures.
Materials and Methods
Cortical cell cultures
Mixed cultures of cortical neurones and glial cells from postnatal (P0) SpragueDawley rats were used and processed as described previously according to a modification of the protocol described by Deitch and Fischer (Haynes, 1999 ) (UCL breeding colony). Rat brains were quickly removed and neocortical tissue was isolated and submerged in ice-cold HBSS (Ca 2+ , Mg 2+ -free, Gibco-Invitrogen, Paisley, UK). The tissue was treated with 1% trypsin for 15 minutes at 37˚C to dissociate cells. After removal of residual trypsin the tissue was triturated, plated on poly-D-lysine-or laminin-coated coverslips and cultured in Neurobasal A medium (Gibco-Invitrogen) supplemented with B-27 (Gibco-Invitrogen) and 2 mM L-glutamine. Neocortical cultures were fed once a week and kept at 37˚C in a humidified atmosphere containing 5% CO 2 and 95% air. Repetitive Ca 2+ spikes were observed in cultures from 12 days in vitro (DIV) onwards, coinciding with synapse formation. Therefore, neocortical cultures were used for experiments at 12-15 DIV. Neurons were distinguished from glia by their typical appearance using phase-contrast imaging with smooth rounded somata, bright-phase and distinct processes. (Imamura et al., 2009 ). We used two differentially designed probes. AT1.03 was without a targeting sequence and was expressed in neurons and astrocytes mainly in the cytoplasm, and slightly in the nucleus. MitAT1.03 specifically targeted ATP in the mitochondrial matrix by targeting the cytochrome c oxidase subunit VIII (Imamura et al., 2009) . Cells were transfected with plasmid coding cDNA by using lipofectamine 2000 reagent (Invitrogen). Between 1 and 2 days after transfection, cells were subjected to imaging. Previous studies have demonstrated a tight link between electrophysiological epileptiform discharges and Ca 2+ transients in cultures and slices (Kovács et al., 2005; Trevelyan et al., 2006) . We therefore monitored oscillatory epileptiform activity with a Ca 2+ -sensitive dye (supplement 1). Before recording, neocortical neuronal cultures were incubated for 30 minutes at room temperature with 5 mM Fura-AM, 5 mM Fura-2FF, MAG-Fura-AM or Fluo-4 AM and 0.005% pluronic in a HEPES-buffered salt solution, which is referred to as aCSF (125 mM NaCl, 2.5 mM KCl, 2 mM MgCl 2 , 1.25 mM KH 2 PO 4 , 2 mM CaCl 2 , 30 mM glucose and 25 mM HEPES, pH adjusted to 7.4 with NaOH ] c and mitochondrial membrane potential were performed in single cells using excitation light provided by a xenon arc lamp, the beam passing through a monochromator at 340, 380, and 490 nm with bandwidth of 10 nm (Cairn Research, Faversham, UK). Emitted fluorescent light was reflected through a 515 nm long-pass filter to a cooled CCD camera (Retiga; QImaging) and digitised to 12-bit resolution. Imaging data were analysed using software from Andor (Belfast, UK). Traces are presented as the ratio of excitation at 340 and 380 nm, both with emission at .515 nm. We acquired fluorescent data with a frame interval of 10 seconds. [Ca 2+ ] c was expressed by the Fura ratio and was not calibrated because of inaccuracies arising from different calibration methods. An increase of Rhodamine123 signal indicates depolarisation of mitochondria. Rhodamine123 signals were normalised to the baseline level (set 0) and maximum signal produced by mitochondrial oxidative phosphorylation uncoupling with carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (FCCP, 1 mM; set to 100). Each experiment was repeated three or more times using 2-4 different cultures.
Imaging of intracellular
Imaging of intracellular ATP levels with FRET-based genetically encoded indicator AT1.03
Measurements of ATP levels with AT1.03 and mitAT1.03 were performed on a confocal microscope (Zeiss 710 LSM) with an integrated META detection system. Images were obtained using a 636 oil-immersion objective to allow immediate measurement of the fluorescent signal over dendrites. Cyan fluorescent protein was excited with 405 nm, and emission from 460 to 510 nm was scanned. The 405 nm laser line was used to excite yellow fluorescent protein, which was measured using a band-pass filter from 515 to 580 nm. Illumination intensity was kept to a minimum (at 0.1-0.2% of laser output) to avoid phototoxicity and the pinhole set to give an optical slice of ,2 mm. The measurements with the ATP probe were performed in the same glucose-based medium (aCSF) that has been used for all other experimental procedures.
Drugs
All drugs were purchased from Tocris, Bristol, UK, unless indicated otherwise. D-(-)-2-amino-5-phosphonopentanoic acid (APV; 25 mM), indole-3-acetic acid sodium salt (IAA; Sigma) and Verapamil (20 mM) were dissolved in distilled water. Oligomycin (0.2 mg/ml; Sigma), rotenone (1 mM) cyclosporin A (CsA, 1 mM), concanamycin A (5 mM) and carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (FCCP; 0.5 or 1 mM) were dissolved in dimethyl sulfoxide (DMSO). All drugs were stored as 1000 times stocks at 220˚C. Drugs were dissolved in aCSF to achieve their final concentrations during experiments.
Cell-viability experiment
To asses cell death, cells were stained simultaneously with 20 mM propidium iodide, which is excluded from viable cells but exhibits a red fluorescence in nonviable cells following a loss of membrane integrity, and 4.5 mM Hoechst 33342 (Molecular Probes, Eugene, OR), which labels nuclei blue, to count the total number of cells. Each experiment was repeated on at least 3-4 different coverslips from independent cultures. Three to four representative regions per coverslip were photographed and analysed. Statistical analysis was performed on the regions.
Statistical analyses
Statistical analyses (two-tailed Student's t-test, one sample t-test, one-way ANOVA and Pearson's correlation) were performed using SPSS 17.0 (Chicago, IL). The significance level was set at P,0.05 and all data are given as mean 6 s.e.m. Analyses were performed on single cells (Ca 2+ , Mg 2+ and Dy m measurements) or regions (cell-death analysis). In simultaneous recordings, the analysis was performed on the same cells to allow for correlation analysis of double-stained cells.
